We have examined the effects of phytohemagglutinin (PHA) and the polypeptide growth factor interleukin 2 (IL-2) on the synthesis of the 70-and 90-kDa heat shock proteins (HSP70 and HSP90, respectively) in human T lym- We have begun to investigate the involvement of a set of ancient genes in the process of mitogen-and lymphokinemediated cell growth. These genes appear to have evolved from the twin pressures of stress and adaptation.
Growth and proliferation are the most fundamental characteristics common to all living organisms, yet the biochemical mechanisms controlling these processes are only vaguely understood. In mammalian T lymphocytes, proliferation requires a minimum of two sequential extracellular signals (1) . In vivo the first physiological signal is an antigen for which the cell has a specific clonotypic receptor. The physiological activation of T lymphocytes can be mimicked in situ, however, by nonspecific mitogens such as phytohemagglutinin (PHA). The response to antigens or mitogens is characterized by a wave of gene activity, some of which is specific to T cells. Among the T-cell-specific m.RNAs induced by PHA are messages for the polypeptide growth factor interleukin 2 (IL-2) and the a chain ofthe putative IL-2 receptor, or Tac antigen (2, 3) . In addition to IL-2 and Tac, other non-T-cell-specific genes are also induced; the most notable genes among these are several nuclear protooncogenes (reviewed in ref. 2) . The second extracellular signal required for T-cell proliferation is IL-2, and, once again, the response is characterized by a transient expression of several nuclear protooncogenes and, some 18 hr later, mitosis and cell division (4, 5) . These events are well known; however, the steps between the binding of extracellular stimulants, nuclear transcription, and subsequent cell growth are poorly understood.
We have begun to investigate the involvement of a set of ancient genes in the process of mitogen-and lymphokinemediated cell growth. These genes appear to have evolved from the twin pressures of stress and adaptation.
Heat shock proteins are encoded by a subset of cellular genes known collectively as stress genes. The members of this diverse group can be transcriptionally and posttranscriptionally activated by one or more of a variety of physical or chemical treatments including heat, ethanol, glucose deprivation, sulfhydryl reagents, and heavy metals (see refs. 6-8 for reviews). First described in fruit flies over 20 years ago, remarkably similar proteins have since been found in every phyla of the plant and animal kingdoms in which they have been sought, as well as in bacteria (6) . In fact, the 70-kDa heat shock protein (HSP70), which is one of the most prominent heat shock proteins, is among the most highly conserved proteins known, with 48% homology between the Escherichia coli and Drosophila proteins (9) . Initially regarded as curiosities, these ubiquitous, highly conserved proteins are now widely believed to serve in vital cellular processes.
We have examined the relationship of mitogen activation and IL-2 stimulation on the synthesis of two major heat shock proteins, HSP70 and the 90-kDa heat shock protein (HSP90), since it is possible that these proteins are involved in both mitogen and IL-2-mediated signaling mechanisms. Here (14) . Filters were then baked 2 hr under reduced pressure at 80°C.
Probes and Probe Labeling. All probes used in this study were purified inserts, which were isolated after appropriate restriction on 1% low-melting-point agarose (Bethesda Research Laboratories), 32P-labeled to 2-5 x 108 cpm/,ug by primer extension using the Polymeraid labeling kit (PLS) and [32P]dCTP (3000 Ci/mmol, Amersham), and purified on G50 columns (Boehringer Mannheim). The HSP70 probe was a HindIII/Nco I fragment of pH-HSP70 (15) .
Hybridization Procedures. Filters were soaked 2-18 hr in prehybridization buffer (50% formamide/0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02% bovine serum albumin/20 mM Tris, pH 7.4/0.2 mg of salmon sperm DNA per ml/5% dextran sulfate) and hybridized with 106 cpm of labeled probe per ml for 24 hr at 42°C. Filters were washed several times in 2 x SSC/0.1% NaDodSO4 at room temperature, washed one to three times for 15 min in 0.1 x SSC/0.1% NaDodSO4 at 50°C, and exposed to Kodak XAR-5 films with Cronex Lightning Plus intensifying screens (E.I. duPont de Nemours) at -70°C for 3-48 hr. Hybridized radioactivity was then removed by immersion in boiling water. Filters were checked prior to use with other probes.
RESULTS
Heat Shock-Induced Biosynthesis of HSP70 and HSP90. In order to determine which heat shock proteins are predominantly induced by hyperthermia, resting T lymphocytes were subjected to a heat shock and pulse labeled with [35S]methionine. Labeled proteins were separated by two-dimensional gel electrophoresis. The results (Fig. 1) (12) . Densitometric scanning of the autoradiographs indicated that the overall rates of protein synthesis were rapidly elevated by PHA stimulation. Both the rate of HSP70 biosynthesis (Fig. 2B ) and the accumulation ofHSP70 protein (Fig. 2 A and B) increased steadily with similar kinetics during the first through the fourth hour of PHA activation. In contrast, the rate of HSP90 synthesis peaked rapidly and declined steadily from the second through the fourth hours (Fig. 2B) . Since a general activator (PHA) of T-lymphocyte competence modulated heat shock protein biosynthesis, we addressed whether the DNA synthesis progression signal stimulated by IL-2 had any effect on heat shock protein expression.
IL-2-Induced Heat Shock Protein Synthesis. To determine if IL-2-directed growth might also involve the stimulation of these proteins, we examined the effect of IL-2 treatment on heat shock protein biosynthesis in human IL-2-dependent T lymphocytes. Early G1-synchronized, growth factordeprived T lymphocytes were allowed to proceed through the cell cycle by the addition of IL-2 and were [35S]methionine pulse labeled at various intervals. Two-dimensional analyses of newly synthesized proteins are shown in Fig. 3 . Upon IL-2 stimulation, the rate of HSP70 protein synthesis had more than tripled by the third hour, and by the sixth hour it was still double that in the unstimulated controls. HSP90 synthesis was also induced by IL-2 but with quite different kinetics; no rise in the rate of synthesis was evident until the sixth hour, at which time it was about double that of the control cells (Fig. 3) . A control protein (actin) showed little modulation in comparison with HSP70 and HSP90 (data not shown).
Effect of PHA on HSP70 mRNA in Resting T Lymphocytes.
The capacity of PHA to induce HSP70 protein biosynthesis was further evaluated by assessing mRNA expression. Human resting T lymphocytes were activated by PHA and total mRNAs were purified and subjected to blot hybridization analysis, using an HSP70-specific probe. As 4A, the steady-state level of HSP70 message was not modulated by PHA at the time points that we tested. Also shown is the effect of phorbol 12-myristate 13-acetate, which is not able to modulate the level of HSP70 message in those cells. The message for c-myc assessed on the same RNA gel blot showed a 20-fold increase at 4 hr, as expected (Fig. 4B) . Consequently, this data suggests that the increase in HSP70 protein following PHA stimulation is due to posttranscriptional regulation and part of a general increase in cellular biosynthesis.
Effect of IL-2 on Steady-State Levels of HSP70 mRNA. To assess at which level the synthesis of HSP70 protein was regulated by IL-2, the effect of IL-2 on steady-state levels of HSP70 mRNA was studied. IL-2-dependent human peripheral blood T lymphocytes were blocked in early G1 by IL-2 deprivation, and total RNA was extracted and subjected to gel blot analysis after various periods of stimulation by IL-2 by using an HSP70-specific probe. Results (Fig. 5) indicate that the steady-state level of HSP7O mRNA is modulated by IL-2; the message is almost undetectable in growth-arrested cells and is induced upon IL-2 stimulation, with a peak of expression around 9 hr. The level of HSP70 message declines Recently much attention has been focused on the role of heat shock proteins in cell growth. complexed with HSP70 in certain transformed cells (19) . The second type of evidence for HSP70 involvement in cell growth comes from studies showing serum-induced HSP70 mRNA and protein synthesis in quiescent HeLa cells (20, 21) . Additionally it has been shown that following serum stimulation a large proportion of the HSP70 protein becomes associated with the nucleus during the S stage of the cell cycle, whereas at other stages it is more diffusely distributed in both the nucleus and the cytoplasm (21, 22) .
There is also evidence that HSP90 may be involved in important processes related to growth and differentiation. It Total cellular RNAs were extracted after the indicated periods of induction and were subjected to blot hybridization analysis using a probe specific for HSP70 (see legend to Fig. 4) . A control probe (specific for 18S rRNA) did not show any modulation (data not shown). kb, Kilobases.
has been known for some time that HSP90 can be coprecipitated by antibodies directed against pp6O c-src (23) , and it has also been shown that HSP90 is sometimes closely associated with steroid receptors (23) (24) (25) 
